Objective: Prenatal diagnosis of total anomalous pulmonary venous connection (TAPVC) by fetal echocardiography (FE) remains a challenge. We sought to ascertain the diagnostic accuracy of 2D and 3D spatiotemporal image correlation (STIC) FE and the potential incremental value of 3D STIC FE for prenatal diagnosis and assessment of TAPVC.
| INTRODUCTION
With the wide spread use of fetal ultrasound and fetal echocardiography, more and more common types of congenital heart defect (CHD) can be identified, providing an early opportunity for prenatal counseling, decision of pregnancy, plan for perinatal cardiac care, and potential prenatal intervention to alter the natural history and outcome of fetuses with various CHD and arrhythmias.
Total anomalous pulmonary venous connection (TAPVC) is a rare type of CHD and remains a diagnostic and treatment challenge. [1] [2] [3] [4] Most of series have the protocols of fetal ultrasound and fetal echocardiography focus on diagnosis of common CHD by four-chamber, outflow tract, and aortic and ductal arch views. As TAPVC is a rare type of CHD, the pulmonary veins are of small caliber and extracardiac structures, and pulmonary venous flow is diminished in fetal circulation, diagnosis of TAPVC by fetal echocardiography remains difficult. [5] [6] [7] [8] Three-dimensional (3D) fetal echocardiography with spatiotemporal image correlation (STIC) provides a potential robust modality to image the cardiac structures and flows in 3 dimensions, which may be well suited for diagnosis and assessment of TAPVC. 7, 9, 10 Therefore, the specific aims of this study were as follows: (1) to ascertain the diagnostic accuracy of 2D and 3D STIC fetal echocardiography for TAPVC and (2) to investigate the potential incremental valve of 3D STIC fetal echocardiography for prenatal diagnosis and assessment of TAPVC.
| METHODS

| Study population
This study was conducted retrospectively at Beijing An Zhen Hospital, a tertiary referral center, from August 2010 to April 2016. The institutional database was queried to identify all subjects of TAPVC diagnosed prenatally or postnatally. We reviewed all the medical records, fetal and postnatal echocardiographic images and reports, and follow-up data (either after delivery or termination of pregnancy (TOP)). One single investigator (YZ) reviewed all the fetal and postnatal echocardiographic images and reports. The study was approved by the Institutional Ethics Committee. 
| Fetal echocardiography
| 3D volume acquisition and analysis
The 3D volume acquisition was also performed by STIC in fetuses with TAPVC whenever possible. STIC data collection and image postprocessing analysis steps included (1) Volume data were acquired with grayscale mode, color Doppler, and HDPD. (2) We started from fourchamber and coronal views and changed into the 3D STIC mode. Volume data were acquired using automatic sweep through the fetal chest and abdomen, during which the subjects were asked to hold breath very briefly. Acquisition time was 7.5-15 seconds and the scanning angle 25-45 degrees. We made 3 acquisitions by STIC for each fetus.
Images generated from the volume datasets were visualized by multiplanar display (A, B, and C). If B planes images were not satisfactory, due to artifact or other reasons, additional 3D volumes would be obtained. (4) The dynamic tomographic ultrasound imaging, color Doppler, or HDPD rendering modes were used for offline analysis. (5) For color Doppler STIC specifically, first, we chose "color rendering mode." The rendering view was set from front to the back of the fetal heart. We used A-plane as the original plane in the rendering box, adjusted the ROI (region of interest), and optimized the size and position of the volume box to achieve the best images. (6) . Data were excluded for suboptimal imaging quality due to maternal and/or fetal conditions.
| Follow-up
Follow-up was attempted in all subjects locally or in our institution postnatally. For those who opted for termination of pregnancy, autopsies were obtained whenever possible. 
| Statistics
| RESULTS
A total of 17 063 fetal echocardiographic studies were performed in our institution, in which 12 185 (71.4%) had follow-up by either 
Declined autopsy 36
Lost to follow-up 2 TAPVC = total anomalous pulmonary venous connection; TOP = termination of pregnancy.
postnatal echocardiography or autopsy, 3648 (21.4%) had CHD, and 74 (0.4%) had TAPVC. Table 1 shows the general data of the cohort with TAPVC (n = 74).
In fetuses with TAPVC, the maternal age was 28.9 ± 4.4 weeks and the gestational age was 26.6 ± 4.7 weeks. The reasons for fetal echocardiography were suspected pulmonary veins anomaly (n = 31), suspected other intracardiac or extracardiac anomaly (n = 37), abnormal four-chamber view (n = 5), or family history of cardiac disease (n = 1).
Of the 74 fetuses, 16 had isolated TAPVC, whereas 58 had other associated intracardiac and/or extracardiac defects. Right isomerism was the most common associated abnormality (n = 34, 45.9%).
In this cohort, 36 fetuses diagnosed with TAPVC had postnatal (n = 11) or autopsy confirmation after TOP (n = 25). Table 2 shows the diagnostic accuracy of fetal echocardiography for TAPVC in this subgroup. The sensitivity was 97.14%, the specificity 99.98%, and the positive and negative predictive values 94.40% and 99.99%, respectively ( Table 2 ). Both fetuses with incorrect diagnosis of TAPVR (falsepositive) had associated cardiac abnormalities, 1 had hypoplastic left heart syndrome and 1 had double outlet of right ventricle with pulmonary atresia. There was also 1 false-negative diagnosis of TAPVC in a fetus, in which the diagnosis of TAPVC was not appreciated on the fetal echocardiogram. Postnatally, the neonate was asymptomatic, and isolated intracardiac type TAPVC (drainage to the coronary sinus) was diagnosed by postnatal echocardiography. Of the 74 cases with TAPVC, 9 were early cases before 3D/4D
STIC was available in our institution and 18 were of suboptimal image quality due to advanced gestational age, maternal obesity, difficult position of the fetuses, and movements of the fetuses. Table 4 
| DISCUSSION
In this study, we reported our experience of a large cohort of TAPVC diagnosed prenatally by fetal echocardiography in a single referral center. Our data showed that 2D fetal echocardiography provides accurate diagnosis of TAPVR with excellent sensitivity and specificity. In addition, 3D STIC fetal echocardiography offers incremental value in further evaluation of the classification of TAPVC types and imaging of the TAPVC drainage pathways. 
| 2D screening and diagnosis of TAPVC
TAPVC is a rare type of CHD, and previous reports in prenatal diagnosis of TAPVC were small series (n = 4-26) and showed variable diagnostic accuracy. [1] [2] [3] [4] [5] [6] [7] [8] In this large cohort (n = 76), four-chamber views by 2D grayscale imaging were one of the basic views to demonstrate the connection between pulmonary vein and left atrium. Low velocity color Doppler imaging (reducing the color scale to about 20-30 cm/s) and pulsed Doppler were also important tools in detecting TAPVC.
However, neither of these were emphasized or routinely performed during screening fetal ultrasound and fetal echocardiography, resulting in false-negative cases and low detection rate in the published studies. 6, 8 Enhanced-flow (e-flow) and HDFD were shown to be useful in visualization of pulmonary venous flow. [16] [17] [18] In our cohort, we used 2D and low velocity color Doppler or HDFD in all cases. If at least one or two pulmonary veins were demonstrated connected to the left atrium, TAPVC could be excluded. Using the 2 criteria, absence of the pulmonary venous connections into left atrium on both 2D and color Doppler, TAPVC could be prenatally detected in all but 1 case (false-negative case), likely due to suboptimal image quality and late gestational age (38 weeks) in this study. Using these diagnostic criteria, the sensitivity was 97.14%, the specificity 99.98%, the total coincidence rate 99.98%, HDPD can show the individual pulmonary vein, pulmonary venous confluence, drainage path, dilated veins to drain into the heart, vertical vein which drained the pulmonary venous confluence in supracardiac and infracardiac subtypes, and obstruction that occurred in some of cases.
We had 2 false-positive and 1 false-negative cases in this cohort.
One of the false-positive cases was a fetus with hypoplastic left heart syndrome. In this fetus, the left atrium was small, there was a "large space" between the left atrium and descending aorta, and the opening of pulmonary veins into the left atrium was not apparent, thus was misdiagnosed as TAPVC. The other case was one with double outlet right ventricle, pulmonary artery atresia, and persistent left superior vena cava to coronary sinus. In this case, there was a "large space"
between the left atrium and descending aorta, but the opening of pulmonary veins into the left atrium was not delineated. The other reason for the inability to see the connection between pulmonary veins and the left atrium was likely due to pulmonary atresia and reduced pulmonary venous return, making the visualization of the pulmonary veins into the left atrium difficult by 2D and color Doppler. In addition, a false-negative occurred in a fetus with gestational age of 38 weeks.
The left atrium was "normal in size," there was no "enlarged space" between the left atrium and descending aorta, and the enlarged coronary sinus with anomalous pulmonary venous drainage was not seen. Both the 2 false-positive cases were misdiagnosed as "intracardiac TAPVC"
and the false-negative case was confirmed as intracardiac TAPVC subtypes, underscoring the diagnostic difficulty of this subtype, that is lack of abnormal drainage pathways and related structures (vertical vein, SVC, innominate veins, etc.) and the importance of careful scanning to ascertain the connection of at least 1-2 pulmonary veins into the left atrium by 2D and color Doppler.
Finally, 3D STIC was not obtained in the 3 fetuses, which may contribute to the misdiagnosis as well.
| Incremental value of 3D STIC for diagnosis and assessment of TAPVC
As 3D STIC was first introduced in 2003, the clinical applications have been investigated extensively. 7, [19] [20] [21] STIC has been applied for acquisition of volume datasets, which can be used to display and analyze cardiac structure and flow by multiple rendering modes to supplement 2D fetal echocardiography for diagnosis of complex congenital heart diseases prenatally. 9 Intuitively, this technology is well suited to evaluate the complex 3D structure and flow in TAPVC. Finally, there were 3 cases with incorrect classification by fetal echocardiography, that is total atresia of common pulmonary vein (n = 1), mixed TAPVC with both supracardiac and intracardiac connection (n = 1), and mixed right middle and inferior pulmonary veins connected to the azygos vein with right superior and left pulmonary venous confluence atresia (n = 1). These fetuses with rare and complex TAPVC were seen early in our cohort, were not evaluated by 3D
STIC, and the family opted TOP. Further experience and investigation in this area is necessary to ascertain the use of 2D and 3D STIC in diagnosis of rare types of complex mixed types and atresia of pulmonary venous confluence (Table 3 ).
| Limitations of the study
This is a retrospective study and has the limitations of such study design. In this cohort, 71.4% of all fetal echocardiograms had follow-up, 47.3% of TAPVC cases had confirmation, and 41.9% had both 2D and 3D STIC study and confirmation. This is mostly to due to the fact that our institution is a national referral center, and many patients returned to their local hospitals and could not be reached despite of multiple attempts. Last but not the least, 85.1% of the cases with TAPVC opted for TOP, which affected the longitudinal study of the cohort and the ability to ascertain the utility of 2D and 3D STIC for prognosis, perinatal management, and outcome of TAPVC.
| CONCLUSION
In this large single center cohort, our data suggest that 2D and 3D
STIC fetal echocardiography provide accurate diagnosis of TAPVC with excellent sensitivity and specificity. 3D STIC fetal echocardiography has incremental value in further evaluation of the classification of TAPVC types and imaging of the TAPVC drainage pathways.
Future directions will focus on improving diagnosis and assessment of TAPVC-associated complex congenital heart defects and those with mixed types and atresia of pulmonary venous confluence.
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